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1. Assigned Tasks for Dr. Watdron

This report describes the work accomplished by Co-Investigator Dr. Wayne L. Waldron (L-3 Communications

Analytics Corporation) on the analysis of an XMM-Newton observation of the O-star, 9 Sgr (O4V). Although time

was awarded for a second targel, HD168112, an 05111 star, this target has not been observed due to scheduling
issues.

Based on the limited award amount granted to Dr. Waldron, the Principle Investigator, Dr. Gregor Rauw (Institut

d'Astrophysique, Universite de Liege, Liege, Belgium), assigned the following tasks to be carried out by Dr.

Waldron in the analysis of the XMM observation of 9 Sgr:

1). generate best-fit steiilar wind absorption models for the three EPIC spectra, EPIC-PN, EPIC-MOS 1,
and EPIC-MOS2;

2). determine if these fits are consistent with a previous ASCA SIS spectrum, and;

3). Assist the PI in the writing of papers to be presented a! an ESTEC Symposium and a refereed article.

Section 2 provides a brief summary of this work, and additional details are discussed in the attached ESTEC

Symposium paper (in press). In addition, a refereed journal article is in preparation entitled "A Multi-Wavelength

Investigation of the Non-Therm_d Radio Emitting O-Star 9 Sgr", G. Rauw, R_ Blomme, W. L. Waldron, M. F.

Corcoran, J. M. Pittard, A. M. T. Pollock, M. C. Runacres, H. Sana, I. 1L Stevens, and S. Van Loo.

2. Summary of Analysis

The X-ray emission from early-type stars is believed to arise from a stellar wind distribution of shocks. Hence, X-

ray analyses of these stars must _nclude the effects of
stellar wind X-ray absorption, which, in general

dominates the ISM absorption. Although the

absorption cross sections for the wind and ISM are
essentially identical above 1 keV, there is substantial

differences below 1 keV as sho_ n in Figure 1.

Typically, ff one only uses ISM cross sections to

obtain fits to X-ray spectra, the lits usually indicate a _.
model deficiency at energies below 1 keV which is o

v-4

attributed to the large increase hi ISM cross sections at _,

these energies. This deficiency can be eliminated by o_

using stellar wind absorption models with a fixed ISM "_
component. Since all early-type stars have substantial o

X-ray emission below 1 keV, the inclusion of wind ,o'_
absorption has proven to be a critical component in

0

fitting X-ray spectra at low energies, verifying that

these X-rays are indeed arising lrom within the stellar
wind.
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Using stellar wind absorption models and MEKAL

emissivities, best-fit models were obtained for the

XMM EPIC-PN, EPIC-MOS 1, and EPIC-MOS2

spectra. A minimum of three components were

Figure 1 Comparison of the energy dependent ISM and

wind cross sections over the effective energy range of the
EPIC.



requiredin order to obtain gotxE fits to the data. The best fit parameters are listed in Table 1; Tx (X-ray
temperature), EMx (X-ray emission measure), Nw (stellar wind column density), and the total observed flux from

all three components for each instrument. For the first and second components the errors on the derived

parameters are - 10% for T× a_d - 30% for both EM x and Nw. For the third component, the value of Tx and Nw

are not well constrained where ;my Tx > 20 MK is acceptable, and there is essentially no constraint on Nw (e.g.,
values from 0-100xl02_ cm2 are acceptable). The actual best fit for this component appears to always occur at the

highest Tx and Nw, and for all models Nw is set equal to the maximum wind column density and Tx is set equal to
100 MK. All models use an ISld column density fixed at the observed E(B-V) determined value of 2.2x102_cm2.

In addition, a best-fit model of the ASCA SIS0 spectrum is also included.

The models fits are shown in Figure 2 for the EPIC-PN and EPIC-MOS2 which show the overall fit and

contributions from each component. The fits were found to be very good with reduced X2of 1.1 (PN), 1.7 (MOSI),
and 1.3 (MOS2). The total prexlicted observed flux (0.5-10 keV) fiom the EPIC instntments are found to be

consistent to within _ 10%. In addition, the XMM flux is within _, 25% of the observed flux determined from

ASCA data (observed - 4 years earlier) which is in agreement with other long time scale measurements for other

O-stars, suggesting that the observed X-ray flux is relatively stable. The presence of a high Tx third component

represents the first strong evidence that O-stars may possess thermal X-ray emission at temperatures > 20 MK.
The thermal nature of this component is supported by the presence of He-like Fe XXV (- 6.6 keV) emission lines

which are only visible in the higher S/N EPIC-PN spectrum. Additional higher S/N observations will be needed to
verify these results.

Table 1. Best Fit Parameters for Stellar Wind Absorption Models

instrument 1st compo_lent 2_ component 3_dcomponent obs Flux

T_ EM_ Nw T_ EM_ N w T_ EM_ N w erg cmi2 s_

EPIC-PN 3.00 31.1 2.62 7.14 13.6 15.3 100.0 0.91 44.7 1.90x10 -12

EPIC-MOS I 2.98 33.2 3.41 8.20 6.02 10.6 100.0 1.02 44.7 1.72x10 -_2

EPIC-MOS2 2.84 30.5 2.77 7.94 6.56 8.57 100.0 1.02 44.7 1.79x10 -12

ASCA SIS0 3.30 37.50 5.18 12.9 5.90 9.08 100.0 3.23 44.7 2.13x10 12

NOTE- T x is in units ofMK; EMx is in units of 1055cm'3; Nw is in units of 102_cm "2.
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Figure 2 Best fit models for the ]SPIC-PN and EPIC-MOS2 spectra of 9 Sgr. The top panels show the total fits and

the bottom panels show the individual contributions from the three components. The spectra have been rebind

such that there are at least 10 cotmts per bin.
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ABSTRACT

We report preliminary results of ,m XMM-Newton ob-

servation of the 04 V star 9 Sgr (= HD 164794). 9 Sgr is

one of a few single OB stars that display a non-thermal
radio emission attributed to synchrotron emission by rel-

ativistic electrons. Inverse Compton scattering of photo-

spheric UV photons by these relativi:_tic electrons is a pri-

ori expected to generate a non-thermal power-law tail in

the X-ray spectrum. Our EPIC and RGS spectra of 9 Sgr

suggest a more complex situation th_ n expected from this

'simple' theoretical picture.
Furthermore, soft-band EPIC images of the region around

9 Sgr reveal a number of point sources inside the Lagoon

Nebula (M 8). Most of these sources :rove optical counter-

parts inside the very young open cl lster NGC 6530 and

several X-ray sources are associated with low and inter-
mediate mass pre-main sequence st._rs. Finally, we also

detect (probably) diffuse X-ray emission from the Hour-

glass Region that might reveal a hot bubble blown by the

stellar wind of Herschel36, the ionidng star of the HG

region.

Key words: Radiation mechanisms: non-thermal - Stars:
early-type - Stars: individual: 9 Sgr - Stars: pre-main se-

quence - X-rays: stars

1. INTRODUCTION

Single O-stars display thermal X-ray,_mission that is usu-

ally attributed to hydrodynamic sho_:ks produced by in-
stabilities in their stellar winds (see _.g. Feldmeier et al.

1997). These shocks are also believed to be efficient sites

for the acceleration of relativistic el,_ctrons through the

first order Fermi process (e.g. Chen & White 1994). In-

deed, the existence of a small popu ation of relativistic

* Research Fellow FNRS (Belgium)
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electrons is revealed by the non-thermal synchrotron emis-

sion that is observed at radio wavelengths in a particular

subset of O-stars (e.g. Bieging et al. 1989).
Given the enormous supply of photospheric UV photons

in the winds of OB stars, inverse Compton scattering is

expected to become the major energy loss mechanism for
relativistic electrons and substantial levels of non-thermal

X-ray and low energy "y-rays should be generated, result-
ing appr()ximately in a power-law spectrum from keV to

MeV enecgies (Chen& White 1991).

We selected the probably single O4V((f)) star 9Sgr

(= HD 1_i4794) to investigate this phenomenon. 9Sgr is

known to, display a variable non-thermal radio emission.

The star is located in the Lagoon Nebula (M 8) and has

been ext_ nsively studied at UV and visible wavelengths.

2 OBSERVATIONS AND DATA REDUCTION

We obtained a 20 ksec AO1 observation of 9Sgr with

XMM-Newton (JD 2451976.978- 2451977.239). We used
the sis v,_rsion 5.1 to reduce the raw EPIC data while the

RGS observations were processed with version 5.0.1 of the

SAS software. The EPIC data are significantly affected by

single mi_ ror reflection photons from the low-mass X-ray
binary SgrX-3 (GX9+l)located at --- 1° from the cen-

ter of the. field of view. The spectrum of the straylight
features i_ear 9 Sgr can be fitted with a heavily absorbed

blackbody model with NH ----(3.1 ± 0.3) x 1022 cm -2 and

kT = 1.0.l i 0.05 keV. The straylight photons are there-

fore ratiler hard and there is nearly no contamination of

the EPIC data in the soft energy range E E]0.2, 1.5[ keV.

We ac:umulated the EPIC spectra of 9 Sgr over a ra-

dius of 45" excluding the intersection with a small cir-

cular region centered on a faint point-like source (XMMU

J 180350.5-242110). The background spectra for the differ-

ent data sets were obtained over rectangular areas selected
to avoid the straylight features. We have also tested a dif-

ferent background subtraction technique using the back-

Proc. Symposium 'New Visions of the _(-ray Universe in the XMM-Newt_,,t and Chandra Era' 26-30 November 2001,
ESTEC, The Netherlands
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groundfilesprovidedbytileXMM-,_{OC.Thebackground
subtractedspectraof 9Sgrobtainedin eitherwaydonot
showanysignificantdifference.

3. X-RAYEMISSIONFROM9SGR

3.1.THEEPIC SPE,JTRUM

Thebackgroundcorrectedspectraof 9Sgrwereanalyzed
usingthe XSPECsoftware(version] 1.00).Weconsidered
acoupleofrathersimplespectralm,Jdels.Inthesefits,we
alwaysfixedthe interstellarHI columndensityat 2.2x
1021cm-2 (Shullgz van Steenberg 1985).

To start, we tested absorbed two-te_nperature mekal and

absorbed 1-T mekal + power-law models (see Fig. 1). In

our first attempt, the column densities derived from the

spectral fits refer to the circumstellar (i.e. wind) material
considered here to be completely neutral. Two problems

emerge from this simple analysis:

• The best fitting parameters yield a column density for

at least one model component th.Lt is extremely small.

• The 1-T + power-law fits are usually better than the

2-T fits. However, these fits yiek systematically large

photon indices (¢_ > 3.8), much larger than the ,-_ 1.5

value expected from the Chen & White (1991) model.
The reason for this steep power-law is that the 1-T

thermal component fails to account for the observed

flux at energies below 0.5 keV ar d the power-law has

to provide the flux to compensate for this. Such a steep

power-law can however be ruled out by the RGS data.
In fact, the RGS spectra display strong line emission

(see Fig. 2) and the X-ray emissio i of 9 Sgr must there-
fore be thermal at lower energies
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Figure1. EPIC-pn spectrum of 9 Sgr t,gether with the best-
.fitting I-T mekal + po_er-law model.

These nlodels are computed using stellar and wind pa-

rameter:; appropriate for 9 Sgr and account therefore for

the ionization of the stellar wind. The EPIC spectra of

9Sgr can be fitted with a 3-T model although the highest

temperature component (kTa E [6,8.6] keV) is not well

constrai_ted by our data.

3.2. THE RGS SPECTRUM

The RGS spectrum of 9 Sgr is reminiscent of that of (Pup

(Kahn et al. 2001). The most prominent features are the

He-like triplets of Ne IX and O vii, the Lya lines of Ne x,
O vHI and N vii as well as several L-shell lines of FeXVlI

(see Fig. 2).
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Figure2. First order RGS1 + 2 spectrum of 9Sgr. The
strongest emission lines are identified.

In the. presence of the strong ultraviolet radiation field

of an O-star, the ratio 7-4= f/i of He-like triplets is deter-
mined by the intensity of the UV radiation (e.g. Waldron

& Cassinelli 2001). In the case of 9Sgr, the observed T4

ratio of the Ne IX line (_ 0.4) suggests that this line forms
rather far out in the wind.

Our data also reveal a systematic blue-shift of the line

centroids in all strong lines. Such a blue-shift is expected

for lines formed in an accelerating stellar wind since ra-
diation horn the approaching side of the wind should be

less attenuated by continuum opacity than that from the

receding part (Owocki & Cohen 2001).

3.3. ,t'_IMULTANEOUS VLA RADIO OBSERVATIONS

We observed 9 Sgr with the NRAO VLA (Very Large Ar-

ray) sinn&aneously (JD = 2451977.012-.037) with the

XMM-Newton observations. Data were collected at 3.6, 6

and 20 cm. The data reduction was done using the Astro-

nomical hnage Processing System (AIPS), developed by

the NRAO. Due to the presence of other bright sources
in the field, the main source of error in the fluxes is the

uncertain!:y in the background subtraction.

To solve the first problem, we fitt,_d the EPIC spectra The r,,sulting spectral indices (c_3.s-6 = -1.0) clearly

with wind absorption models (see Waldron et al. 1998). indicate the non-thermal character of the radio emission



Figure 3. DSS optical image centered on 9 Sgr. X-ray contours (correspondir, g to the combined MOS1 + MOS2 data) are overlaid
on this image. The different contours cerrespond to 2, 4, 8, 16 and 64 counts over the 0.2 - 1.5 keV range in the X-ray image.

from 9 Sgr and the fluxes are on the t igh side of the range

covered by values in the literature (t?,ieging et al. 1989).

4. X-RAY SOURCES INSIDE TIlE I_AGOON NEBULA

The combined MOS1 + MOS2 soft (_).2 - 1.5 keV) X-ray

image around 9 Sgr reveals 71 point-like sources down to
an observed flux of 6 x 10 -15 ergcm-2 s-1 over this en-

ergy range. Most of the fainter sourc,_'s are located in the

region of the very young open clustel NGC 6530 which is

embedded in the Lagoon Nebula (M _). One rather bright

and apparently diffuse source (to the south-west of 9 Sgr)

is associated with the Hourglass Region.

43 X-ray sources out of these 71 have a single optical
counterpart (within a radius of 12") from the catalogue

of Sung et al. (2000). The X-ray brightest objects in this

category are HD 164816 (O9.5III-IV'j and SCB 731. The

light curve of SCB 731 reveals a stron_ X-ray flare towards

the end of our observation (see Fig. 4).

We have plotted the X-ray source,s with a single op-
tical counterpart in a (B - V, V) colour-magnitude dia-

gram. Apart from a group of rather b _ight (V __ 12) stars

that are probably early-type OB stars, we find a group of

objects 15ing to the right of the ZAMS (by about 0.5 in

B - V). Three of these objects display Ha emission and

are classified as pre-maln sequence (PMS) stars (Sung et
al. 2000).

There are 32 X-ray sources that have optical counterparts
fainter than 12th magnitude and we suggest that these
are good candidates for weak-line T Tauri stars. The fact

that only a few X-ray selected PMS candidates display an

Her emission is in agreement with the theoretical picture

that the X-ray bright PMS stars are more evolved objects
without a prominent circumstellar disk.

Our EPIC data also unveil an extended X-ray emission

from the ltourglass Region in M 8. This emission is prob-

ably due 7.0 the contributions of the young stellar object

Herschel36, the UC HII region G 5.97-1.17 and possibly

a diffuse emission from a hot bubble created by the wind
of HersclM 36.

5. CONCLUSIONS

Our XMI_'[ observations indicate that there exists a hard

X-ray component in the spectrum of 9 Sgr. The exact na-
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Figure4. EPIC-MOS light curves of the X-ray source

XMMUJ180435.5-242729 associated with SCB731. We have

also extracted the light curve of a nea,'by background region.

The latter does not show any variability,.

ture of this component is however not clear and our data

seem at odds with the predictions cf the model of Chen

& White (1991). Though radio observations clearly reveal

the presence of relativistic electrons, it remains to be seen

whether inverse Compton scattering can account for the
properties of the observed hard X-ra_'s. Quantitative the-
oretical models as well as more Xh[M-Newton data on

non-thermal radio emitting O-stars are badly needed.

The RGS spectrum of 9 Sgr displays strong line emission
reminiscent of the RGS spectra of other early-type O-stars

such as _ Pup. The properties of these lines suggest that

the emitting plasma is distributed throughout the accel-

erating stellar wind.

Soft-band EPIC images of the L_goon Nebula reveal

many point sources. Most of these :_ources have optical

counterparts inside the very young open cluster NGC 6530
and a few are associated with known low- and interme-

diate mass PMS stars. From their 1)cation in a colour-

magnitude diagram and from the flaring behaviour of the

brightest source, we suggest that znan_, of our new sources

correspond to weak-line T Tauri star_.

A more detailed analysis of the XMM observation of

9 Sgr and the Lagoon Nebula will be )resented in a forth-

coming paper.
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